A new antioxidant, designated pyranonigrin L, was isolated from the culture materials of the hot spring-derived fungus Penicillium adametzii BF-0003 by solvent extraction, ODS column chromatography, and HPLC. Its planar structure was elucidated using various analytical techniques including UV, IR, and NMR spectroscopy and MS. Its absolute configuration was determined by a comparison of its circular dichroism (CD) spectrum with those of structurally related compounds. Pyranonigrin L was found to exhibit anti-oxidative activity with an EC 50 value of 553 µM.
Among fungi, the genera Penicillium, Trichoderma, Paecilomyces, and Aspergillus have been described in a large number of studies as producers of various bioactive compounds, and are recognized as an important resource for novel drug discovery. As one of our strategies for novel drug discovery, we have isolated fungi from hot springs in Japan. Although the environments of hot springs are generally ultimate with acidic and thermophilic conditions, Yamazaki et al. isolated the fungus Teratosphaeria acidotherma from hot spring water with extreme conditions (pH 1.5, 96°C) at Sainokawara Hot Spring, Gunma, Japan [1a] . Furthermore, several research groups have isolated rare fungi such as Aconitum velatum Morgan [1b] , Trichospron cerebriae [1c], Acidomyces acidophilus [1d] , and Hortaea acidophila [1e] from highly acidic environments (pH 0. 2-1.4 ). There is a large number of hot springs in Japan of various types of quality showing simple alkaline, sulfate, calcium sulfate, or common salts. Therefore, we consider it possible to isolate unique fungi from hot springs.
The fungal strain BF-0003 was isolated from a mud sample collected near a hydrothermal vent in Hakone Owakudani (a famous hot spring near Tokyo), Kanagawa, Japan, and was identified as Penicillium adametzii. To the best of our knowledge, no secondary metabolites have yet been reported from P. adametzii. Therefore, the secondary metabolites of P. adametzii BF-0003 were extensively studied. This fungus was cultured under various conditions and the secondary metabolites obtained were analyzed by LC/UV or LC/MS. A new pyranonigrin derivative, named pyranonigrin L (1; Figure 1 ), was isolated from culture materials. The taxonomy, fermentation, isolation, structural elucidation, and biological activities of 1 are described in the present study.
Colonies of strain BF-0003 were observed after a 7-day incubation at 5, 27, and 37°C on Czapek yeast extract agar (CYA), malt extract agar (MEA), and 25% glycerol nitrate agar (G25N). At 27°C, colonies on CYA were 22-23 mm in diameter, floccose, corrugate, had an irregular margin, and were dull gray to dull green in color. Colonies on MEA were 25-26 mm in diameter, floccose, deplanate, hyphoid, and dull green to silver white in color. Colonies on G25N were 16 mm in diameter, floccose, corrugate, had a smooth margin, and were dull green to white in color. At 37ºC, colonies on CYA were 10-12 mm in diameter, corrugate, deplanate, had an irregular margin, and were yellowish white in color. At 5ºC, no colonies formed on CYA. A soluble pigment was not produced on any medium. Conidiophores on CYA were produced from subsurface or aerial hyphae, 24-52 x 1.3-2.8 µm in size, smooth-walled, and bearing monoverticillate penicilli. Phialides were ampulliform, 6.3-10.5 x 1.4-2.5 µm in size, and smooth-walled. Conidia were subspherical to pyriform, 2.1-2.7 x 1.8-2.7 µm in size, had slightly roughened walls, and were present in divergent long chains. Based on the above characteristics, strain BF-0003 was considered to belong to the genus Penicillium. Furthermore, from the characteristics of the colony color, growth at 37ºC on CYA, and the structures of conidiophores and conidia, strain BF-0003 was identified as P. adametzii. In a BLAST search, the rDNA sequence of the internal transcribed spacer (ITS) region of strain BF-0003 showed high levels of similarity to P. adametzii. Therefore, the producing strain was named P. adametzii BF-0003 ( Figure 2 ). Eremin et al. reported that P. adametzii produced a glucose oxidase that catalyzes the oxidation of β-D-glucose by molecular oxygen to form D-glucono-1,5-lactone and H 2 O 2 [2] ; however, the secondary metabolites of this fungus have not been reported to date. Therefore, 1 is the first metabolite reported for P. adametzii.
Compound 1 had an UV-visible spectrum with absorption maxima at 208, 250, 295, and 314 nm. In the IR spectrum, broad OH, and/or NH absorption near 3231-3358 cm -1 , typical C-H (CH 2 ) stretching absorption at 2910 cm -1 and aromatic C-C stretch absorptions (for carbon-carbon bonds in the aromatic ring) at 1638 and 1400 cm -1 were observed. The molecular formula of 1 was determined to be C 14 H 17 NO 5 on the basis of the HRESI-MS, indicating seven degrees of unsaturation. The 1 H and 13 C NMR spectra in DMSO-d 6 showed 17 proton and 14 carbon signals, which were confirmed by 2D NMR correlation. The multiplicity of the carbon signals was classified into one methyl carbon, four sp 3 methylene carbons, one oxygenated sp 3 methine carbon, two sp 2 methine carbons, one sp 2 quaternary carbon, three oxygenated sp 2 quaternary carbons, and two carbonyl carbons. The 1 H NMR spectrum showed one methyl signal, four sp 3 methine signals, two sp 2 methine signals, one amino proton, and two hydroxy protons. The structure of 1 was elucidated by a comparison of NMR data between 1 and pyranonigrin A [3a] . The connectivity of proton and carbon atoms was established by the HSQC spectrum. As shown by the bold lines in Figure 3 , the partial structures I and II were elucidated by 1 H-1 H COSY spectra. The stereochemistry of the double bond in II was assigned E from the coupling constant of H-1´/H-2´ (15.9 Hz). In the 1 H-15 N, HMBC, and NMR spectra, the 15 N chemical shift in 1 was 128.6 ppm, indicating an amide nitrogen. The 1 H-13 C long-range couplings of 2 J and 3 J in the HMBC spectra proved the presence of the following linkages as shown in Figure 3 : 1) Cross peaks from the amide NH proton H-6 (δ 8.61) to the sp 2 quaternary carbon C-4a (δ 111.6), carbonyl carbon C-5 (δ 168.9), and sp 2 oxygenated quaternary carbon C-7a (δ174.1), from the sp 3 oxygenated methine proton H-7 (δ 5.70) to C-4a and C-5, and from the hydroxyl proton OH-7 (δ 9.72) to C-7a indicated the presence of a 7-hydroxy-γ-lactam moiety (partial structure III), which contained the partial structure I. 2) Cross peaks from the sp 2 methine proton H-1´(δ 6.53) to the oxygenated sp 2 quaternary carbons C-2 (δ 145.8) and C-3 (δ 142.4), from the sp 2 methine proton H´-2 (δ 6.43) to C-2, and from the hydroxy proton H-3 (δ 9.71) to C-2, C-3, and carbonyl carbon C-4 (δ 168.9) indicated the presence of the partial structure IV, which contained the partial structure II (1´-heptanyl unit). 3) A weak 4 J correlation from NH to C-4 showed that the partial structure III was connected to the 7-hydroxy-γ-lactam moiety at C-4a. Furthermore, considering the 7 degrees of unsaturation, the remaining degree of unsaturation may account for a ring structure, resulting in the existence of the γpyrone unit in 1, as shown in Figure 3 . Thus, the planar structure of 1 was elucidated to be four methylene-elongated pyranonigrin A, as shown in Figure 1 , which fulfilled the molecular formula and degrees of unsaturation. Compound 1 has one chiral carbon at C-7 in its structure. In order to elucidate absolute stereochemistry, the circular dichroism (CD) data of 1 were compared with those reported for pyranonigrin A [3a] . Compound 1 exhibited the same Cotton effects at 213, 236, 244, and 271 nm as pyranonigrin A, revealing that 1 has the same absolute stereochemistry as pyranonigrin A. Thus, the complete structure of 1 was elucidated to be (7R)-3,7-dihydroxy-2-[(1´E)hept-1´-enyl]-6,7-dihydropyrano [2,3-c] pyrrole-4,5-dione.
Pyranonigrin A was previously reported to show diphenyl-1picrylhydrazyl (DPPH) radical scavenging activity [3b] . Therefore, the antioxidant activity of 1 was investigated according to the established method of Miyake et al. [3b] . L-Ascorbic acid and trolox were also tested as standard antioxidants. Compound 1, Lascorbic acid, and trolox showed DPPH radical scavenging activity with EC 50 values of 553, 78.7, and 94.6 µM, respectively, indicating that 1 showed very weak antioxidant activity. Compound 1 showed no antimicrobial activity against the following nine microorganisms by the agar diffusion method using paper disks at 50 µg/8-mm disk; Bacillus subtilis, Staphylococcus aureus, methicillin-resistant S. aureus, Micrococcus luteus, Mycobacterium smegmatis, Escherichia coli, Pseudomonas aeruginosa, Candida albicans, and Aspergillus fumigatus.
Experimental
General: Chromatorex ODS (Fuji Silysia Chemical Ltd., Tokyo, Japan) was used for ODS column chromatography. UV spectra were recorded on a spectrophotometer (U-2800; Hitachi High-Technologies Co. Tokyo, Japan). IR spectra were recorded on a Fourier transform infrared spectrometer (FT/IR-460; JASCO Co., Tokyo, Japan). Optical rotations were measured with a digital polarimeter (DIP-370; JASCO). HRESI-MS were recorded on a mass spectrometer (JMS-T100LP; JEOL, Tokyo, Japan). Various NMR spectra were measured with an NMR spectrometer (Inova 600; Agilent Technologies Inc., Santa Clara, CA, USA). CD spectra were recorded on a spectrophotometer (J-720; JASCO).
Taxonomy: Taxonomic studies and identification were conducted according to the procedures described by Pitt [4a] . Czapek yeast extract agar (CYA), malt extract agar (MEA), and 25% glycerol nitrate agar (G25N) were used in taxonomic studies on fungi.
Morphological observations were performed under a light microscope (BX60; Olympus, Tokyo, Japan) and scanning electron microscope (JCM-5700; JEOL). Color names were determined according to the Color Harmony Manual [4b]. In the molecular phylogenetic study, genomic DNA was extracted using the PrepMan Ultra Sample Preparation Reagent (Applied Biosystems, CA, USA) according to the protocol of the manufacturer. The ITS and D1/D2 26s rDNA (ID) regions were amplified by PCR using the primers NL1 and NL4 [5a] . Amplifications were performed using PCR Thermal Cycler Dice mini TP100 (Takara Bio, Shiga, Japan). The amplified PCR products were purified using a QIAquick PCR Purification Kit (Qiagen, CA, USA). Sequencing reactions were performed using the BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems) with the primers NL1 and NL2. DNA sequences were read on an ABI PRISM 3130 Genetic Analyzer (Applied Biosystems) aligned with ClustalX [5b] and Seaview [5c]. The phylogenetic tree was drawn using NJplot [5d].
Fermentation:
A slant culture of strain BF-0003 was grown and maintained on 2.4% potato dextrose agar (Becton, Dickinson and Company, Franklin Lakes, NJ, USA) medium (pH was not adjusted). A loopful of spores of strain BF-0003 was inoculated into a 500 mL Erlenmeyer flask containing 100 mL of seed medium (2.4% potato dextrose broth (Becton, Dickinson and Company) and 0.10% agar, pH 6.0). The flask was shaken on a rotary shaker at 27°C for 3 days. The seed culture (3.0 mL) was inoculated into 50 50 mL plastic tubes containing the production medium (10 g of Italian rice (Japan Europe Trading Co. Ltd., Tokyo, Japan), 5 mL of potato dextrose-malt extract (PDME) medium (1.2% potato dextrose broth, 1.0% malt extract, 1.0% glucose, and 0.050% peptone), and 0.1% yunohana natural bath salts (Hakone Onsenkyoukyu Co., Kanagawa, Japan), adjusted at pH 3.0 with 1.5 M H 2 SO 4 ). Fermentation was conducted under static conditions at 27°C for 14 days.
Isolation: The 14-day-old culture of strain BF-0003 (0.5 kg) was extracted with 50% EtOH (2.0 L). The EtOH extracts were filtered and concentrated, and the aqueous solution was extracted twice with ethyl acetate (1.0 L) under acidic conditions (pH 3). The organic layer was dried over Na 2 SO 4 and concentrated in vacuo to give an ethyl acetate extract. The extract was treated with n-hexane-MeOH (2:1) and the MeOH layer was concentrated in vacuo to give a crude material (854.5 mg). This was dissolved in a small amount of MeOH, applied to an octadecylsilane (ODS) column (35 g), and eluted with a H 2 O-CH 3 CN stepwise system (160 mL for each solvent, 20%, 30%, 40%, 50%, 60%, 80%, and 100% CH 3 CN, 40 mL per fraction). The fraction of 40% CH 3 CN containing 1 was concentrated in vacuo to give a brown material (29.4 mg), which was purified by preparative HPLC (column, PEGASIL ODS SP100, 20 i.d. x 250 mm (Senshu Scientific Co., Tokyo, Japan); mobile phase, 40% CH 3 CN-0.05% H 3 PO 4 ; detection, UV at 210 nm; flow rate, 8.0 mL/min). Under these conditions, 1 was eluted as a peak with a retention time of 16 min. The peak fraction was pooled and concentrated to remove CH 3 CN. Aqueous solutions were extracted with ethyl acetate, and the organic layers concentrated to dryness to give pure 1 (13.8 mg) as a white powder.
Assay for DPPH radical scavenging activity: Antioxidant activity was measured by DPPH radical scavenging activity according to the reported method of Miyake et al. [3b] . Twenty µL of the MeOH solution of either the test sample (10-1,000 µM) or MeOH (control) was added to a 96-well microplate and mixed with 80 µL of 0.1 M Tris-HCl buffer (pH 7.4). One hundred µL of 0.13 mg/mL DPPH in EtOH was then added and the assay mixture was incubated at 27°C for 1 h. After the incubation, absorbance was recorded at 517 nm on a microplate reader. L-Ascorbic acid and trolox (10-1,000 µM) dissolved in MeOH were used as the standard antioxidants. The 50% effect concentration (EC 50 ) was determined at which DPPH free radicals were scavenged by 50%. Each measurement was performed at least in duplicate.
Assay for antimicrobial activity: Antimicrobial activity against the following 9 microorganisms was measured by the agar diffusion method using paper disks (8 mm; ADVANTEC, Tokyo, Japan)
containing a test sample [6] . 6, 6.6 Hz, H-3´), 5.71 (1H, dd, J=1. 2, 9.3 , Hz, H-7), 6.43 (1H, dt, J=7.4, 15.9 Hz, H-2´), 6.53 (1H, dt, J=1.2, 15.9 Hz, H-1´), 6.77 (1H, d, J=9.4 Hz, 7-OH), 8.61 (1H, d, J=1.2 Hz, 6-NH), 9.71 (1H, br.s, 3-OH). 13 C NMR (100 MHz DMSO-d 6 ): 13.9 (C-7´, CH 3 ), 21.9 (C-6´, CH 2 ), 27.9 (C-4´, CH 2 ), 30.8 (C-4´, CH 2 ), 32.5 (C-3´, CH 2 ), 75.0 (C-7, CH), 111.6 (C-4a, C), 117.6 (C-1´, CH), 136.3 (C-2´, CH), 142.2 (C-3, C), 145.8 (C-2, C), 164.9 (C-5, C), 168.9 (C-4, C), 174.1 (C-7a, C). 15 N NMR (40 MHz DMSO-d 6 ): 128.6 (6-N). HRESIMS: m/z [M+Na] + , calcd for C 14 H 17 NO 5 Na: 302.1004; found: 302.1004.
